Introduction {#sec1}
============

Temporomandibular joint (TMJ) arthritis induced by rheumatoid arthritis (RA) or osteoarthritis (OA) are common in clinical settings. Inflammatory response of patients may damage the joints and affect their normal function.[@bib1] TMJ arthritis may limit jaw movement or cause chewing difficulty, TMJ disc internal derangement, and even bone destruction. Some of the studies reported that OA is the most common type of arthritis in human body that can also affect the TMJ function.[@bib2], [@bib3], [@bib4] There were 42.6% of patients with TMJ disorder presenting with radiographic evidence of TMJ-OA changes.[@bib5] The destructive process of TMJ can be observed in OA patients. Their bony surfaces of condyle and fossa become altered because of inflammatory response; radiographic images may show flattening of the condyle.[@bib6], [@bib7] Furthermore, osseous changes of condyle also occur in response to TMJ-OA and lead to disc displacement, frequently with longstanding disc displacement without reduction.[@bib8] On the other hand, Lin et al[@bib9] reported a higher prevalence of TMJ abnormalities in patients with RA, as determined through physical (85.7%) and radiological (74.5%) examinations. Studies indicated that RA is derived from a complex interaction between genes and environment, leading to a breakdown of immune tolerance, synovial inflammation, and autoantibody production. Distinct mechanisms may induce joint swelling and tenderness and ultimately bone destruction and joint deformity.[@bib10], [@bib11], [@bib12] With damage to the joint tissues, severe osseous changes can occur in the TMJ-RA patients. TMJ-RA can cause painful symptoms of the joint and cause destruction of the temporomandibular articular surfaces.[@bib13], [@bib14], [@bib15]

TMJ inflammation is a key factor of OA and RA; however, the detailed degeneration process in the inflamed TMJ remains unclear. In studies regarding TMJ-OA, complete Freund\'s adjuvant (CFA)-induced arthritis has been widely used in physiological, biochemical, and histopathological studies.[@bib16], [@bib17], [@bib18] CFA is a solution of antigen emulsified in mineral oil and consists of inactivated and dried mycobacteria. It has been injected into the intra-articular space of the joint. Edema and pain are produced within 12 hours. After that, articular cartilage destruction and bone erosion may persist for several weeks. In CFA-induced arthritis model, higher level of proinflammatory cytokines, such as TNF-α, IL-1β, and IL-6, can be detected in the serum and synovial fluid. Proinflammatory cytokine expression in the inflamed synovial membrane of arthritis leads to an imbalance in bone and articular cartilage formation.[@bib19]

However, the pathogenesis of CFA-induced TMJ arthritis in an animal model is more similar to OA than to RA. OA and RA are different types of arthritis.[@bib20] The development of OA is driven by inflammatory processes and finally leads to joint degeneration. RA is an autoimmune disease which will lead the body\'s immune system to attack its own tissues. These two diseases share some similar characteristics, but each has different symptoms and requires different treatment modalities.[@bib21] Therefore, the animal model of CFA-induced TMJ arthritis is not appropriate for research in TMJ-RA. Among the induced method of RA animal models, Bolon et al[@bib22] used different arthritis-inducing methods, such as adjuvant-induced arthritis, collagen-induced arthritis (CIA), and streptococcal cell wall-induced arthritis, to evaluate the appropriateness of these methods for inducing RA in knee joint. Results indicated that the immunological change of CIA was similar to that of RA. CIA has been widely used in experimental model of RA by the injection of heterologous collagen emulsified in CFA.[@bib23], [@bib24] Collagen is highly conserved between different species, and the pathogenesis of CIA is due to heterologous collagen eliciting cross-reactive autoimmune responses to endogenous collagen and then both CD4 T-cells activation and the production of anticollagen antibody, leading to CIA.[@bib25] The role of anticollagen antibodies is as direct mediators of tissue pathology in the spontaneous autoimmune disease. The anticollagen antibody reaction which will lead to complement activation and cause inflammatory response.[@bib26] However, most of the RA studies were focused on the knee joint, but few studies have discussed animal models of RA-related TMJ arthritis. This means that the experience of CIA in knee joint of RA animal model may help to clarify the RA-related TMJ arthritis. Based on the above researches, the aim of this study was to investigate the response of the TMJ tissue by CFA-induced arthritis and CIA. The experiments were designed to clarify: (1) Did CIA have the same inflammatory response as CFA-induced arthritis? (2) Did CIA have the same TMJ change as CFA-induced arthritis? (3) Was CIA more appropriate than CFA-induced arthritis in RA-related TMJ arthritis research?

Material and methods {#sec2}
====================

Rat TMJ injection technology {#sec2.1}
----------------------------

All animal protocols were performed in accordance with the protocol of the Institutional Animal Care and Use Committee of National Yang-Ming University. The animals were housed in a temperature controlled environment under a 12-hour light/dark cycle. In this study, 8-week-old female Sprague-Dawley rats weighing 250--320 g were used. Furthermore, 50 μL of alcian blue dye was injected into the superior space of the TMJ to demonstrate the TMJ injection technology. Next, the rats were sacrificed to evaluate the accuracy of TMJ injection technology.

Drug-induced TMJ arthritis model {#sec2.2}
--------------------------------

In total, 24 rats were randomly divided into four groups. The first group was the control group, which did not receive any drug injection. The second group was the collagen I group, which received 50 μL of type I collagen (sc-29009; Santa Cruz; Dallas, USA), to determine whether type I collagen alone leads to rat arthritis. The third group was the CFA-induced arthritis group; the induced method of this group was followed by other previous studies.[@bib16], [@bib17], [@bib26] This group was injected with 50 μL of CFA (F5881; Sigma; St. Louis, USA). The fourth group was the CIA group, which received 50 μL of type I collagen and CFA (1:1). The injection dose was as followed in previous studies in knee joint and TMJ.[@bib16], [@bib22] The drugs were injected on Day 0, and the rats were sacrificed on Days 7 and 35. After the rats were sacrificed on Day 7, the TMJ tissue was collected to investigate the inflammatory RNA (*IL-1β* and *MMP3*) expression to ensure whether the TMJ inflammatory response had occurred. In addition, changes in the TMJ tissue of rats sacrificed on Days 7 and 35 were investigated through hematoxylin and eosin (H&E) staining.

Tissue preparation and histopathological staining {#sec2.3}
-------------------------------------------------

Half of the rat TMJ tissue samples were collected for H&E staining, and the other half was separated as the disc, condyle, and synovial tissue for RNA extraction. RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) and purified using Quick-RNATM MiniPrep Kit (Zymo Research, Irvine, CA, USA). The RNA purity was determined through spectrophotometry by measuring the absorbance of an aliquot at 260 nm and 280 nm. The total mRNA was reverse-transcribed to cDNA using a high-capacity cDNA archive kit (Applied Biosystems, Foster City, CA, USA).

Semi-quantitative polymerase chain reaction {#sec2.4}
-------------------------------------------

Conventional polymerase chain reaction (PCR) was used to investigate *IL-1β* and *MMP3* expression in the disc, condyle, and synovial tissues. *β-actin* was used as the internal control. The PCR mixture (20 μL) contained a concentration of 150nM for each primer, 10 μL of 2 × PCR buffer (Ampliqon III, Odense, Denmark), and 1 μL of purified DNA. Denaturing (95°C), annealing (60°C), and extension (72°C) times were 1 minute for each. The specific product was separated on a 2% agarose gel and detected under UV illumination after staining with ethidium bromide ([Table 1](#tbl1){ref-type="table"}). The procedure for ratio image generation was conducted using the ImageJ 1.48v software ( National Institutes of Health, Bethesda, MD, USA).Table 1Primers used in this study.Table 1GenePrimer SequencesProduct size (bp)Cycles*IL-1β*Forward: 5′- CAAAAATGCCTCGTGCTGTCT -3′13032Reverse: 5′- CAGGGATTTTGTCGTTGCTTG -3′*MMP3*Forward: 5′- TCCCTGAAACCGTCCAGAAG -3′17332Reverse: 5′- ATCCACCTTTGTGCCAATGC -3′*β-actin*Forward: 5′- CTATGAGGGTTACGCGCTCC-3′14128Reverse: 5′- ATGTCACGCACGATTTCCCT-3′[^1]

Statistical analysis {#sec2.5}
--------------------

Statistical analysis was performed using SPSS version 18 (SPSS Inc., Chicago, IL, USA). All data were presented as the mean ± standard error of mean. The nonparametric Kruskal--Wallis was used for the data analysis. Results with P \< 0.05 were considered significant.

Results {#sec3}
=======

Alcian blue was injected into the TMJ upper space to demonstrate the TMJ injection technology. The TMJ disc was found to be blue after the removal of the surrounding connective tissue of the TMJ. These results confirmed that the TMJ injection technology accurately delivered the vehicle into the TMJ upper space ([Figure 1](#fig1){ref-type="fig"}A). The TMJ histology was investigated through H&E staining. The sagittal view of the TMJ was divided into three parts: glenoid fossa, TMJ disc, and TMJ condyle ([Figure 1](#fig1){ref-type="fig"}B). Under a magnified microscopic view, some chondrocyte cells were observed inside the TMJ disc ([Figure 1](#fig1){ref-type="fig"}C, black arrow). The control group showed a complete structure of the TMJ condyle subchondral bone, which was divided into four zones, namely articular, proliferative, transition, and hypertrophic zones ([Figure 1](#fig1){ref-type="fig"}D).Figure 1Effects of the injection technology on the histology of the control group. (A) Observation of the temporomandibular joint (TMJ) disc after removal of the surrounding connective tissues showed the blue disc which was stained by alcian blue. (B) Sagittal view of the TMJ divided into three parts: glenoid fossa, the TMJ disc, and the TMJ condyle. Scale bar: 200 μm. (C) Enlarged view of the TMJ disc showed clear fibrocartilage cells (black arrow). Scale bar: 25 μm. (D) Enlarged view of the TMJ condyle subchondral bone separated into articular, proliferative, transition, and hypertrophic zones. Scale bar: 25 μm.Figure 1

To develop a TMJ-CIA rat model, mechanism of which is similar to RA, type I collagen was injected to determine whether it alone causes TMJ immune responses; this was subsequently compared with the CFA-induced arthritis and CIA groups. Histological data of both the collagen type I rats that were sacrificed on Day 7 and the control rats revealed that their conditions were identical ([Figure 2](#fig2){ref-type="fig"}A). A sagittal view of the TMJ revealed regular disc thickness and chondrocyte cells ([Figure 2](#fig2){ref-type="fig"}B, C). The TMJ condyle subchondral bone was clearly observable in the four zones ([Figure 2](#fig2){ref-type="fig"}D). However, a bright view revealed inflamed cysts in the CFA-induced arthritis group rats sacrificed on Day 7 ([Figure 2](#fig2){ref-type="fig"}E). The subchondral bone of the CFA-induced arthritis group rats sacrificed on Day 7 showed an adaptive changes ([Figure 2](#fig2){ref-type="fig"}F). The thickness of the TMJ disc also did not change in the CFA-induced arthritis group ([Figure 2](#fig2){ref-type="fig"}G). The adaptive transition zone of the bone change was observed using an enlarged view of the TMJ condyle subchondral bone ([Figure 2](#fig2){ref-type="fig"}H). The CIA group rats that were sacrificed on Day 7 showed more severely inflamed cysts ([Figure 2](#fig2){ref-type="fig"}I) and degradation than did the CFA-induced arthritis group ([Figure 2](#fig2){ref-type="fig"}J). Although the TMJ disc thickness of this group was maintained, the chondrocyte cells had disappeared ([Figure 2](#fig2){ref-type="fig"}K, black arrow). The TMJ condyle subchondral bone was unclearly stratified and severely degraded in the hypertrophic zone (Figure 2L).Figure 2Histological changes in the drug-induced groups after 7 days. (A) Bright view of the type I collagen group showing the temporomandibular joint (TMJ) structure. (B) Sagittal view of the TMJ of the type I collagen group. (C) Enlarged view of the TMJ disc in the type I collagen group showing the regular thickness and some chondrocyte cells (black arrows). (D) Enlarged view of the TMJ condyle subchondral bone separated into four layers in type I collagen group. (E) Bright view of the complete Freund\'s adjuvant (CFA)-induced arthritis group showing inflamed cysts. (F) Sagittal view of the TMJ in the CFA-induced arthritis group. (G) Enlarged view of the TMJ disc in the CFA-induced arthritis group. (H) Enlarged view of the TMJ condyle subchondral bone in the CFA-induced arthritis group for investigation of bone changes in the adaptive transition zone. (I) Bright view of the collagen-induced arthritis (CIA) group showing severely inflamed cysts. (J) Sagittal view of the TMJ in the CIA group. (K) Enlarged view of the TMJ disc in the CIA group. Although the TMJ disc thickness was maintained, the chondrocyte cells disappeared (black arrows). (L) Enlarged view of the TMJ condyle subchondral bone in the CIA group. The TMJ condyle subchondral bone appeared unclearly stratified and severely degraded in the hypertrophic zone. Scale bar for (B), (F), and (J) is 200 μm. Scale bar for (C), (D), (G), (H), (K) and (L) is 25 μm.Figure 2

After drug injection for 7 days, both IL-1β and MMP3 expression of disc increased in the CFA-induced arthritis and CIA groups compared with the control (P \< 0.05). As well as it showed significant differences in CIA groups compared with the type I collagen groups ([Figure 3](#fig3){ref-type="fig"}A). However, the expression of these inflammatory genes was lower in the condyle ([Figure 3](#fig3){ref-type="fig"}B). IL-1β expression of synovial tissue showed significant differences in CFA-induced arthritis and CIA groups compared with control group and type I collagen groups (P \< 0.05). Although MMP3 expression of synovial tissue did not show difference, it showed the increasing trend in CFA-induced arthritis and CIA groups ([Figure 3](#fig3){ref-type="fig"}C).Figure 3*IL-1β* and *MMP3* expression in the temporomandibular joint (TMJ) tissue after drug injection for 7 days. (A) Gene expression in the TMJ disc. *IL-1β* and *MMP3* expression was higher in the CFA-induced arthritis group and CIA groups than in the control group and type I collagen groups. (B) Gene expression in the TMJ condyle. No significant difference was observed among the four groups. (C) Gene expression in the TMJ synovial tissue. *IL-1β* and *MMP3* expression was higher in the CFA-induced arthritis and CIA groups than in the control and type I collagen groups. (\* P \< 0.05). CFA = complete Freund\'s adjuvant; CIA = collagen-induced arthritis.Figure 3

In this study, the CFA-induced arthritis and CIA induction period was 35 days. Compared with the control group ([Figure 4](#fig4){ref-type="fig"}A), the 7-day CFA-induced arthritis group showed an adaptive transition zone of bone change in the TMJ condyle ([Figure 4](#fig4){ref-type="fig"}B). However, this zone partly recovered after 35 days of CFA induction. The TMJ disc in the 35-day CFA induction group became thinner than that in the control and 7-days CFA induction groups ([Figure 4](#fig4){ref-type="fig"}C). By contrast, compared with the control group ([Figure 4](#fig4){ref-type="fig"}D), the 7-day CIA group showed unclear stratification and severe degradation in the hypertrophic zone ([Figure 4](#fig4){ref-type="fig"}E). Moreover, the TMJ disc became thinner in the 35-day CIA group than in the control and 7-day groups. The TMJ condyle subchondral bone of the 35-day CIA group not only appeared unclearly stratified and severely degraded in the hypertrophic zone but also showed irregular cell distribution and abnormal calcification ([Figure 4](#fig4){ref-type="fig"}F). These results suggest markedly different histologically changes between the CFA-induced arthritis and CIA groups. These results may be due to different pathogeneses leading to different TMJ condyle subchondral bone responses.Figure 4Histological changes in the drug-induced groups on Days 7 and 35. (A and D) Sagittal view of the TMJ in the control group. (B) Sagittal view of the TMJ after 7 days of CFA induction. The TMJ condyle showed adaptive changes in the transition zone. (C) Sagittal view of the TMJ after 35 days of CFA induction. The TMJ condyle transition zone partly recovered and the TMJ disc became thinner than that observed in the control and 7-day CFA induction groups. (E) Sagittal view of the TMJ after 7 days of CIA induction. The condyle subchondral bone of TMJ was unclearly stratified and severely degraded in the hypertrophic zone. (F) Sagittal view of the TMJ after 35 days of CIA induction. The TMJ disc became thinner in the 35-day CFA induction group than that in the control and 7-day CIA induction groups. The TMJ condyle subchondral bone not only appeared unclearly stratified and severely degraded in the hypertrophic zone but also showed irregular cell distribution and abnormal calcification. Scale bar is 50μm. A = anterior; CFA = complete Freund\'s adjuvant; CIA = collagen-induced arthritis; TMJ = temporomandibular joint; P = posterior.Figure 4

Discussion {#sec4}
==========

The present study investigated the inflammatory response and histological changes of the TMJ tissue by CFA-induced arthritis and collagen-induced arthritis in rat models. The experiments were designed to clarify: (1) Did CIA have the same inflammatory response as CFA-induced arthritis? (2) Did CIA have the same TMJ change as CFA-induced arthritis? (3) Was CIA more appropriate than CFA-induced arthritis in RA-related TMJ arthritis research?

In the first question, CFA-induced arthritis and CIA animal models were induced to simulate OA and RA-like TMJ arthritis, respectively. After drug injection, the animal models were investigated at Day 7 and Day 35 to determine the short- and long-term changes in the TMJ disc, synovial tissue, and condyle. Drug injection and sacrifice time points were considered by other studies[@bib16]; thus, the data in this study can also be compared with previous studies. Our results indicated that both the induction methods of CFA-induced arthritis and CIA can cause inflammation and appeared to have different histological changes in TMJ. Only the type I collagen injection group confirmed the negative inflammatory response through H&E staining and *IL-1β and MMP3* expression. From the previous studies, CFA-induced arthritis also showed the positive inflammatory response and became adaptive changes of the TMJ tissue.[@bib16], [@bib17], [@bib18] A previous study has shown that after 35 days of CFA injection, rat TMJ disc showed degenerative changes, including deformation, thickening, increases in wet and net weights, increased cellularity, increased iNOS and *IL-1β* expression, and significant increases of collagen type I and aggrecan contents, in addition to infiltration of mononucleated cells and abundant adipose tissue in the synovium.[@bib16] Other studies also showed hypertrophic response in TMJ and observed phenotypic changes in the condylar cartilage.[@bib17], [@bib18] These results are consistent with the data of CFA-induced arthritis in our study. However, it is noteworthy that even changes in the condylar fibrocartilage can be observed in histology, but there are similar results among these four groups in gene expression. Therefore, further study is needed to determine how the TMJ condylar changes in the TMJ arthritis.

Regarding the second question, this study also injected type I collagen + CFA in the CIA group to induce TMJ arthritis; the results revealed different morphological changes compared with other groups. The condyle of the CIA group was thinnest among all the groups at Day 7; the subchondral bone appeared unclearly stratified and severely degraded in the hypertrophic zone but also showed an irregular cell distribution and abnormal calcification at Day 35. Iy contrast, the 7- and 35-day CFA induction groups showed adaptive changes of the TMJ subchondral bone. However, a study reported changes in the condylar fibrocartilage after CFA induction for 7 days.[@bib17] In addition, in another study that used CFA to induce arthritis for 35 days, the condylar fibrocartilage maintained its shape but thicker than the normal group.[@bib16] These results are in agreement with our results of CFA-induced arthritis group. In recent years, more and more TMJ studies have focused on the effect of subchondral bone on TMJ arthritis. These studies reported that increased turnover of subchondral bone plays a role in the initiation or progression of TMJ arthritis.[@bib16], [@bib17], [@bib27] The results also indicated that the subchondral bone manifested a severe change in histological observation compared with the disc during inflammation. These results may explain why the TMJ disc remained observable in severe degeneration or deformation of TMJ disorder.

In the third question, previous studies showed that CIA has been widely used in the experimental model of RA by injection of heterologous collagen emulsified in CFA. During CIA, heterologous collagen elicits cross-reactive autoimmune responses to endogenous collagen, and then, the inflammatory response and the production of anticollagen antibody finally attacks the joint. Anticollagen antibodies play a role as direct mediators of tissue pathology in the spontaneous autoimmune disease. This anti-collagen antibody reaction which will lead to complement activation and cause inflammatory response. However, previous RA studies were focused on the knee joint rather than TMJ.[@bib25], [@bib26] The major cartilage type of articular cartilage in knee joint is hyaline cartilage which is rich in type II collagen. This is probably the reason that most studies used type II collagen for CIA induction. Considering the different cartilage component between the knee joint and TMJ, we have tried to use type I collagen which is the main component of fibrocartilage in TMJ tissue for CIA induction. To determine that only type I collagen injection did not cause inflammatory response, this study also compared the type I collagen injection group. Compared with the control group, the type I collagen injection group confirmed the negative inflammatory response through H&E staining and *IL-1β* and *MMP3* expression. On the other hand, even though CFA-induced arthritis and CIA groups showed inflammatory response, the histological change was different. The 7-day CFA-induced arthritis group showed adaptive changes in the condyle transition zone and partly recovered after 35 days induction, and the TMJ disc became thinner than that observed in the control and 7-day CFA induction groups. In contrast, the 7-day CIA group appeared unclearly stratified and severely degraded in the hypertrophic zone of TMJ condyle. The TMJ disc became thinner in the 35-day CFA induction group than that in the control and 7-day CIA induction groups. The TMJ condyle subchondral bone not only appeared unclearly stratified and severely degraded in the hypertrophic zone but also showed irregular cell distribution and abnormal calcification. These results indicated that the method of CIA can lead to TMJ arthritis, and the histological changes varied between the CFA-induced arthritis and CIA groups in the present study. Considering the mechanism of these two arthritis induction methods, we concluded that the CIA method is a more appropriate method than CFA-induced arthritis in RA-related TMJ arthritis research.
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[^1]: bp = base pair.
